Objectives: To determine the structure of the resistance region in an IncHI1 plasmid conferring resistance to multiple antibiotics, including gentamicin, recovered from a Salmonella enterica serovar Typhimurium isolate from a horse.
Introduction
It is well established that antibiotic resistance can arise by incorporation of transposons or other mobile elements carrying antibiotic resistance genes into plasmids. IncHI1 plasmids carrying antibiotic resistance genes have been detected regularly in many countries over the last 50 years, and they play an important role in the acquisition of antibiotic resistance by Salmonella enterica serovar Typhi and serovar Paratyphi.
1,2 However, IncHI1 plasmids are not limited to these serovars. Three IncHI1 plasmids-R27, recovered in 1961 in the UK from Salmonella serovar Typhimurium; 3 pHCM1, recovered in Vietnam in 1993 from Salmonella serovar Typhi; 2 and pAKU_1, recovered in 2001 in Pakistan from Salmonella serovar Paratyphi A 4 -have been sequenced and compared. These plasmids share a backbone of 164.4 kb that varies only slightly (0.01% -0.03% of bases differ). 4 However, a number of DNA segments that are present in pHCM1, but not in R27 or pAKU_1, have been identified, 2, 4 reflecting two separate types that have evolved by either loss or gain these segments.
More recently, the locations of transposons, which have the potential to aid epidemiological investigations, have been used to delineate lineages within groups of closely related plasmids, for example in the IncHI2 family. 5 In both types of IncHI1 plasmids, transposons carrying antibiotic resistance genes have inserted at different positions in the backbone, even when resistance genes or transposons are shared. For example, R27 and pAKU_1 carry the tet(B) tetracycline resistance determinant within the transposon Tn10, but in different positions. pHCM1 carries only one end of Tn10 ( Figure 1a ) in a complex multiple antibiotic resistance region (MARR). pHCM1 and pAKU_1 both carry insertions that include several antibiotic resistance genes and are bounded by directly oriented copies of IS1, but in different positions, and, in pAKU_1, two inversion events have split the region into two parts. 4 These regions are clearly derived from Tn2670 (see GenBank accession no. AP000342). Tn2670 is made up of a Tn9-like transposon that carries Tn21 within it, and a class 1 integron, In2, is found within Tn21. 6 However, in pHCM1, most of the In2 integron and part of the transposition (tnp) module of Tn21 have been lost (central line in Figure 1a ) and a copy of the multiresistance transposon Tn6029B, a truncated version of Tn6029, 7 and three further insertion sequences, IS4321 and IS5075 8 and IS26, have been gained (Figure 1a) . In pHCM1, the Tn2670-derived region is adjacent to the partial Tn10 carrying the tet(B) determinant.
We have previously examined the resistance profiles of a collection of antibiotic-resistant S. enterica isolates from various serovars and environmental, animal and human sources recovered between 1999 and 2001. Gentamicin resistance was rare among these isolates, and here we report the investigation of the resistance complement of an S. enterica serovar Typhimurium that conferred resistance to gentamicin as well as to several other antibiotics.
Methods

Plasmid isolation and analysis
SRC27 is a 1999 multiply antibiotic-resistant S. enterica serovar Typhimurium equine isolate from Australia. The antibiotic resistance phenotype was confirmed using a disc diffusion assay with antibiotic discs Hampshire, UK). Plasmids types were identified using PCR-based replicon typing, and plasmids were recovered using conjugal transfer on solid medium at 378C or 268C into a rifampicin-resistant Escherichia coli recipient strain, E294, as previously described. 7 Transconjugants were selected using Luria-Bertani (LB) agar containing rifampicin (100 mg/mL) and either streptomycin (25 mg/mL) or ampicillin (100 mg/mL), purified and screened for plasmid types and resistance genes. Transconjugants containing either the IncI1 or the IncHI1 plasmid were retained for further analysis. The properties of these plasmids are listed in Table 1 .
Southern hybridization
Plasmid DNA (5 mg) was digested with SwaI (New England BioLabs), separated on a 0.9% agarose gel with digoxigenin (DIG)-labelled DNA Molecular Weight Ladders II and VII (Roche Applied Science), depurinated twice in 0.2 M HCl for 5 min, denatured twice in 0.4 M NaOH and 1 M NaCl for 15 min and neutralized with 1 M Tris/1.5 M NaCl for 7.5 min. DNA was transferred to a Hybond N+ nylon membrane (Amersham, UK) via capillary transfer and fixed by UV cross-linking using a Stratalinker w 1800 at 600 mJ (Stratagene, USA). DIG-labelled probes were prepared using PCR High Prime DIG-labelling mix and hybridized with the membrane using the DIG Easy Hyb Kit (Roche Applied Science) according to the manufacturer's instructions. Luminescence was detected using CSPD (Roche Applied Science) and exposure to Hyperfilm TE ECL X-ray film (Amersham, UK). Membranes were stripped using two washes for 15 min with 0.2 M NaOH and 0.1% SDS at 378C for use with a second probe.
DNA extraction, PCR, cloning, DNA sequencing and sequence analysis
For PCR screening, whole-cell and plasmid DNA were prepared as described previously. 5, 7 PCRs were performed as previously described, 7 using published primers. Amplicons were identified by gel electrophoresis using molecular weight standards, digestion with restriction enzymes or DNA sequencing. Cloning was performed essentially as described previously. 9 Briefly, SacI fragments of pSRC27-H were ligated with SacI-digested, phosphatase-treated pUC19 vector (New England Biolabs). The resulting plasmids were transformed into chemically competent DH5a E. coli (Bioline). Transformants were selected on LB agar containing kanamycin (50 mg/mL), spectinomycin (25 mg/mL) or chloramphenicol (25 mg/mL) and nalidixic acid (25 mg/mL). The size of the insert was determined by SacI digestion of plasmid DNA, and resistance profiles and resistance genes present were determined. The properties of the clones recovered are shown in Table 1 .
Sequencing using purified PCR products or plasmids containing cloned fragments as substrates was performed as described previously. 7, 9 Cloned fragments were linked and ordered by PCR and the amplicons sequenced. Sequences were assembled and analysed as described previously. 7 Nucleotide sequence accession number
The nucleotide sequence of the 34.6 kb MARR and flanking regions in pSRC27-H can be found in GenBank under accession number HQ840942. 10 and resistance to antibiotics other than streptomycin transferred 1000-fold more efficiently at 268C. Six of 30 transconjugants screened carried only the IncHI1 plasmid, designated pSRC27-H, and these were also resistant to streptomycin.
Results
An
Both the IncI1 and the IncHI1 plasmids carried the strA and strB streptomycin resistance genes. The strAB genes in pSRC27-I were linked to IS1331 and to the tnpR gene of Tn5393, indicating the presence of Tn5393a. 9 In pSRC27-H, the strAB genes were linked to the sul2 gene and to IS26, suggesting the presence of Tn6029. 7 The IncHI1 plasmid also carried the aacC2 gentamicin resistance gene and aphA1 (kanamycin and neomycin resistance), bla TEM (ampicillin resistance), catA1 (chloramphenicol resistance), sul2 (sulfamethoxazole resistance) and tet(B) (tetracycline resistance). Despite the absence of the sul1 gene, pSRC27-H carried the intI1 gene of class 1 integrons and the dfrA12-orfF -aadA2 configuration of gene cassettes conferring trimethoprim, and streptomycin and spectinomycin resistance.
The MARR of pSRC27-H
Several complementary methods were used to determine the location and configuration of the resistance genes in pSRC27-H. Overlapping linkage PCRs showed that Tn6029 carrying the bla TEM , strAB and sul2 genes, 7 and Tn4352 carrying Cain and Hall aphA1a, 7,11 were present, and adjacent and overlapping as in Tn6026. 7 Hybridization of a bla TEM probe to DNA digested with SwaI, which cuts once within IS26, revealed two copies of the bla TEM gene, one carried by Tn6029 and one on an 8 kb SwaI fragment that also hybridized with an IS26 probe. The resistance genes were all recovered in three SacI fragments ( Table 1) that were shown to be linked by PCR, demonstrating that all of the antibiotic resistance genes were in a single cluster. The structure of the 34.6 kb MARR (Figure 1c) is clearly related to that in pHCM1 (Figure 1a) . The segment containing most of the resistance genes is bounded by two copies of the insertion sequence (IS) IS1, and this transposon was named Tn6027. Tn6027 is adjacent to the tet(B) determinant (lower line in Figure 1c ), but in pSRC27-H a short deletion arising adjacent to IS1b (indicated by a vertical arrow in Figure 1 ) has removed 356 bp of the Tn10 segment found in pHCM1.
In pSRC27-H, the part of the pHCM1 MARR located between Tn6029B and IS1b has been replaced by a structure bringing in further resistance genes, aacC2, aadA2 and dfrA12 (Figure 1c) , that have several origins. One segment between Tn4352 and the fourth IS26 includes the aacC2 gene, and most of it, extending from the IR of Tn2 on the left up to and including the IS26 on the right (marked above in Figure 1c) , is identical to a segment found in the IncL/M plasmid pCTX-M3 (recovered from a multiply resistant Citrobacter freundii isolate from a human in Poland; GenBank accession number AF550415). 12 It is also related to part of RepF1A plasmid pU302L (from S. enterica serovar Typhimurium; GenBank accession number AY333434). 13 However, in pSRC27-H, the segment between the IR of Tn2 (on the left in Figure 1c ) and the IS26 to the left of it is identical to part of Tn6029, and the duplicated segment is indicated by bars above with arrows indicating the orientation. Figure 2 shows how this structure could have arisen via homologous recombination to generate a new IS26-bounded transposon.
The second new segment of the pSRC27-H MARR is flanked by IS26 on one side and IS1b on the other. It includes the complete 5 ′ -conserved segment (CS) of a class 1 integron and the dfrA12 -orfF -aadA2 gene cassettes, but only 148 bp segment of the 3 ′ -CS. Although Tn21, found in Tn2670, contains a class 1 integron, the 220 bp segment between the IS26 and the IRi end of the integron is not from Tn21. This segment is found adjacent to IRi in the IncN plasmid R46 (GenBank accession number M95287) 14, 15 and in some more recently sequenced IncN plasmids, e.g. pKOX105, pKP96, plasmid 12 and pK245 (GenBank accession numbers HM126016, EU195449, FJ223605 and DQ449578, respectively), indicating that this segment is most likely derived from an IncN plasmid. 
Evolution of IncHI1 plasmids
Related MARRs in further IncHI1 plasmids
Further relatives of the MARR were found in the complete sequences of two further IncHI1 plasmids for which an analysis of their structures and resistance regions has not been published. A 204 604 bp plasmid, pO111_1, isolated from an E. coli strain in Japan in 2001 (GenBank accession number AP010961), contains a MARR (Figure 1b) that is most like the pHCM1 MARR, but resembles the pSRC27-H MARR in that it lacks IS4321 and IS5075 and has gained a further transposon, Tn4352. Plasmid pMAK1 (208 409 bp), isolated from an S. enterica serovar Choleraesuis (GenBank accession number AB366440), also carries a related MARR (not shown) containing aadA2, bla TEM , catA1, dfrA12, mphA, mrx, strA-strB, sul1, sul2 and tetA(B) antibiotic resistance genes. The segments that the pSRC27-H MARR shares with both pO111_1 and pHCM1 are shaded in Figure 1 .
Location of the MARR
The pSRC27-H MARR is in the same position as the MARR of pO111_1 and pMAK1, suggesting that the differences between them have arisen in situ. In pHCM1, the sequence to the left of IS1a (as shown in Figure 1 ) is also the same, but the region to the right of IS10 differs. The sequence found adjacent to IS10 in pSRC27-H was located in pHCM1 9.2 kb to the left of IS1a, where it is adjacent to a second copy of IS10. The origin of this difference was traced to an inversion that has occurred in pHCM1 after the incorporation of a second copy of IS10 (not shown). Only one IS10 was found in the pO111_1 and pMAK1 sequences, and PCR showed that the second IS10 was not present in pSRC27-H.
Discussion
This study highlights the role of ongoing evolution within resistance islands after they have moved into a specific location. The MARR described here is related to ones found in the same location in three other IncHI1 plasmids, although in pHCM1 this is partly obscured by a subsequent inversion event. Hence, pSRC27-H belongs to a growing group of plasmids that are most closely related to the IncHI1 plasmid pHCM1. PCR assays designed to detect Tn2670/Tn10-derived MARRs located in this position should simplify the detection of further members of this group of IncHI1 plasmids in studies of the epidemiology of resistance.
These IncHI1 plasmids are likely to share a common ancestor that contained a precursor of the various MARRs, as the main differences between them are located between the two copies of IS1. Consequently, we conclude that the differences have arisen in situ. Although the larger segment of the MARR is clearly derived from the transposon Tn2670, it is not possible to distinguish whether the transposon that first entered the precursor of this IncHI1 lineage was the complete Tn2670 or a modified or remnant version of it. Tn2670, which consists of an IS1-flanked segment containing the catA1 gene and which is related to Tn9, which is interrupted by the better-known transposon Tn21, 6 was found first in the IncFII plasmid NR1 (also called R100; GenBank accession numbers AP000342 and DQ364638), which was isolated in Japan in the 1950s, and hence is among the first plasmids ever shown to carry multiple antibiotic resistance genes. Since that time, the movement of Tn2670 and related transposons has played an important role in the acquisition of antibiotic resistance genes by the plasmids of Gram-negative bacteria, and several relatives that have lost parts of it or gained additional antibiotic resistance genes have been described. 4, 11, 16 In most cases, the 8 bp duplication created in the course of the transposition event is evident. However, in the pHCM1-type MARR family, it is not present, indicating that at least one subsequent event, presumably removing the left end of Tn10, has occurred adjacent to the IS1 at one of the outer ends. In the group of MARRs described here, the class 1 integron and the resistance genes it carried have been lost from the IS1-bounded segment and replaced by IS26-bounded transposons carrying different resistance genes. However, in pSRC27-H, a class 1 integron with a different provenance has been reintroduced and a new member of the already large family of compound transposons bounded by IS26 was also found. The segment between the two copies of IS26 has a mosaic structure containing ISCfr1, remnants of Tn5393 and CR2, and two copies of the bla TEM end of Tn2 (Figure 2 ) in addition to the two resistance genes, bla TEM and aacC2, indicating a complex evolutionary history.
